Abstract-The paper presents an application of a self-consistent field theory for gyrotrons to a multicavity gyroklystron configuration. The coupled RF field equation and the Lorentz equations are solved in the slow-time-scale formulation using a Green's function technique to satisfy appropriate boundary conditions. An analytical expression for the small-signal gain is obtained by the method of successive approximation. The theory has been developed for cylindrical TE°1 mode as well as rectangular TE01, mode. The theory is applied to calculate the smallsignal performance characteristics of a three-cavity configuration operating with rectangular TE1o0 mode.
I. INTRODUCTION
GYROKLYSTRON amplifiers show great promise as high-power and high-gain devices in the microwave and millimeter wavelengths. The first gyroklystron amplifier experiment was performed by Jory et al. [1] in a twocavity configuration with cylindrical TE'111TE021 modes. Recently, Bollen et al. [2] have performed a three-cavity gyroklystron amplifier experiment operating with rectangular TE 701 mode at 4.4 GHz. They achieved an output power of 54 kW with 16-percent efficiency and 0.2-percent bandwidth. To achieve higher gain and moderate bandwidth, a multicavity configuration with staggered tuning will be necessary as in conventional klystrons. The design of such a configuration requires the optimization of many parameters. The large-signal analysis and numerical codes [3] - [5] developed previously for two-cavity gyroklystrons can be extended to the multicavity configuration but the procedure would require extremely large computation time. Moreover, the bandwidth and the effect of staggered tuning could not be calculated since the RF fields are not determined self-consistently. Therefore it is necessary to develop an analytical linear theory for multicavity gyroklystrons. The linear theory will be applicable to the prebunching cavities where RF field is small, and these results may be used as an input for large-signal calculation in the power extraction cavity to obtain saturation gain and efficiency. Symons and Jory [6] developed a small-signal theory for the two-cavity gyroklystron using a sinusoidal RF profile and obtained equivalent circuit parameters. Caplan [7] outlined a small-signal self-consistent gyroklystron amplifier theory based on Maxwell-Vlasov theory. In this paper, we develop a self-consistent theory of the multicavity gyroklystron amplifier in which the electron motion is represented by the generalized pendulum equation [8] , [9] . The derivation of these equations [10] is outlined in Section II. These equations are solved in Section III for the multicavity gyroklystron configuration using a Green's function approach to satisfy appropriate RF field boundary conditions. Small-signal results are then obtained by the method of successive approximation. Effects of axial beam ve-locity spread are also included. In Section IV we calculate the small-signal performance characteristics of the three-cavity gyroklystron-amplifier configuration used by Bollen et al. [2] . Fig. 1 (3) where xmn is the nth zero of Jm. The axial dependence of the RF fields in the cavities is given by the complex profile function 
II. SELF-CONSISTENT EQUATIONS FOR GYROTRONS
where Q-= IeBo/moy =o/,y T-t -to (8) and Q, p±, and + are slow-time-scale variables. to is the time the electrons enter the interaction region. Under these approximations, it has been shown [10] , [11] (10) where s is the cyclotron harmonic number and ro and rL are, respectively, the guiding-center radius and the Larmor radius. The phase I in (9) and (10) is given by where 00 is the polar angle of the guiding center.
The wave equation for the electric-field profile function F(z) may be written as [10] Lz2 +C2 (1_- It is now convenient to introduce a complex slow-timescale transverse momentum given by -Pi =P-iA.
pEpoe iA (7) Equat'ions (9), (10) , and (12) become dp Q 
In (14), we have used the relation dldt = v,(dldz). The generality of (14) and (15) consistently to kmn = kmnXo, p = plmoc, t = tc/lX0, and Lc \ F = eF/m0 c2. After these procedures, (14) and (15) 
where Eol is related to the input power incident at z = 0.
In all other cavities, the RF field is induced by the bunched beam and the homogeneous part of the solution in (21) will be neglected. We have already mentioned that E(z) = 0 in the drift regions, i.e., z; + Lj < z < Zj + Lj + dj.
In the small-signal regime, the two integral equations (20) and (21) The amplifier gain in decibels is (58)
In the small-signal regime, both Pout and PIN are proportional to E21 and g becomes independent of PIN. From (53) and (57), it is clear that PIN = 0 and g --oo when "lPb = wUrnn/Q, with -ql > 0. This corresponds to the self-oscillation of the input cavity.
If the beam has an axial velocity spread, then Eoj in equations for p, Xij, iq, and Ay/Iy should be replaced by (311,au/All ) Eo. Furthermore, an average over the initial velocity distribution should also be performed to calculate the average values of (p> and (A-y/'y>. The expression for Eol in (41) will also involve an average over the initial electron velocity distribution. In the expression for stored energy Urn in (46), /13 should be replaced by f3j,,. The average over the initial distribution function is done numerically using a Gaussian distribution.
We have considered the interaction of the electron beam with the TE'n modes of circular waveguide. However, the results for TE l mode could be applied to the TE 1 in the rectangular waveguide with the following substitution [10] , [11] : 
IV. RESULTS AND DISCUSSION
In this section we calculate the small-signal performance characteristics of a three-cavity gyroklystron amplifier [2] in Fig. 1 creased. The magnetic field needed for maximum gain also increases with v1lvll since v1l decreases. The frequency of maximum gainf = 1.0016fo is insensitive to the change in a. The variation of gain with at is shown in Fig. 4 field is shown in Fig. 8 for several values of Avz/v,o. As the beam velocity spread increases, there is not only a decrease in gain but the range of the magnetic field for stable amplifier operation also decreases rapidly. Stable operation of a gyroklystron amplifier for velocity spread Avz/vzo > 15 percent will be difficult.
V. CONCLUSION
We have derived a comprehensive small-signal theory of the multicavity gyroklystron. An analytic solution is obtained for the "cold" beam case. The use of the Green's function approach makes it possible to satisfy the boundary conditions for arbitrary k, (hence c) and the gain as a function of frequency can be calculated. The stagger-tuned cavity configuration can also be investigated. The bandwidth in a uniform magnetic field is found to be very small. The bandwidth can be increased by using stagger-tuned cavities, but in a uniform magnetic field this leads to a reduction in gain. It has been found [7] that the gain of the stagger-tuned cavity configuration is significantly increased by proper taper of the magnetic field. It is planned to extend the present theory to include a nonuniform field. The present theory also represents the first iteration of a large-signal theory based on successive approximations. The small-signal theory in the bunching cavities can be combined with a large-signal theory in the output cavity to obtain a complete description of the multicavity gyroklystron amplifier. This theory should become a useful tool for obtaining design parameters of the multicavity gyroklystron.
